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Recently, an increase in volatile chemicals, including formaldehyde has led to unhealthy symptoms of people who spend much of their time in sick houses and buildings, and consequently suffering from various health problems. 2 The concentration of formaldehyde measured in workplaces ranged from 21.6 to 61.2 ppbv. 3 The average concentrations of formaldehyde in living rooms and bedrooms were 37 and 46 μg m -3 , respectively. 4 The Korean indoor guideline for formaldehyde in various indoor environments is 120 μg m -3 . The sustained measurement of formaldehyde in indoor environments is of importance. In order to investigate the quality of indoor and ambient air, some methods for measuring formaldehyde have been developed using passive sampling techniques, employing the reaction of formaldehyde with 2,4-dinitrophenylhydrazine (2,4-DNPH) reagent, 3-methyl-2-benzothiazolinone hydrazone hydrochloride reagent, and chromotropic. 3, 5, 6 Passive samplers have often been used to measure and evaluate the concentration levels of air pollutants because of their convenience in deployment and collection. Passive samplers require no power during sampling, and have no moving parts, such as pumps on flowmeters. The cost of passive samplers is likely to be low. They can be deployed almost anywhere to estimate the concentration levels of indoor air pollutants, although the real-time concentration data of pollutants can not be collected. The long-term effective concentrations obtained by passive sampling are also very useful in exposure assessment. 7, 8 In this study, we evaluated a passive air sampler using 4-amino-3-hydrazino-5-mercapto-1,2,4-triazole (AHMT) reagent. We determined the effects of the sampling time, air velocity, air humidity, temperature, and storage period on the measurement of formaldehyde.
Experimental

Chamber system and design of a passive air sampler
A chamber system, with a badge-type passive air sampler, was prepared for the generation and measurement of formaldehyde. Passive air samplers were evaluated in a cylindrical exposure chamber (0.02 m 3 ), which employed a mixing fan, and sensors (TSI, Model 8386, USA) for monitoring the temperature, humidity and air velocity. The concentration of formaldehyde, which was generated from formaldehyde solution (36.5 -38% in water, Sigma-Aldrich) by introduction with pure nitrogen gas (>99.99%), was measured by employing an active sampling technique, using a portable sample pump with a flow rate of 0.5 L min -1 and an absorption solution (0.5% boric acid solution). Figure 1 shows a schematic diagram of the passive air sampler employed in this study, which consisted of a sampler end cap (55 × 55 × 18 mm), a sampler body (36-mm i.d.), a high-density polyethylene diffusion screen (33-mm i.d.), a semi-permeable membrane (Celgard-2500, micro porous polypropylene membrane; porosity, 55%; pore size, 0.209 × 0.054 μm; thickness, 25 μm, USA) and an absorption filter (pure cellulose chromatography paper; thickness, 0.17 mm, 26 mm; Whatman, England). The diffusion length of the sampler was able to be changed from 4.5 to 22 mm by varying the location of the absorption filter within the sampler. The passive air sampler was easy to handle due to the light, safe components employed.
Coated absorption filters were individually prepared by dropping 0. A passive air sampler, using 4-amino-3-hydrazino-5-mercapto-1,2,4-triazole, was evaluated for the determination of formaldehyde in indoor environments. Chromatography paper cleaned using a 3% hydrogen peroxide solution was experimentally determined as being the optimum absorption filter for the collection of formaldehyde (0.05 μg cm -2 formaldehyde). From a linear-regression analysis between the mass of formaldehyde time-collected on a passive air sampler and the formaldehyde concentration measured by an active sampler, the sampling rate of the passive air sampler was 1.52 L h -1 . The sampling rate, determined for the passive air sampler in relation to the temperature (19 -28˚C) and the relative humidity (30 -90%), were 1.56 ± 0.04 and 1.58 ± 0.07 L h -1 , respectively. The relationship between the sampling rate and the air velocity was a linear-regression within the observed range. In the case of exposed samplers, the stability of the collected formaldehyde decreased with increasing storage time (decrease of ca. 25% after 22 days); but with the unexposed samplers the stability of the blank remained relatively unchanged for 7 days (decrease of ca. 37% after 22 days). The detection limits for the passive air sampler with an exposure time of 1 day and 7 days were 10.4 and 1.48 μg m -3 , respectively. components of passive air sampler then immediately assembled. Particular attention was given in the handling of samplers, because they can be easily contaminated. All passive air samplers were stored at 4˚C in sealed bags in darkness until required.
Analysis
After sampling, the absorption filter of the passive air sampler was extracted with 2 mL of pure water in a glass vial. After extraction, 2 mL of 5 M sodium hydroxide and an AHMT solution (0.5 g in 100 mL of 0.1 M hydrochloric acid) were added to the extraction solution, with a potassium periodate solution (0.75 g in 100 mL of 0.2 M sodium hydroxide), as the oxidizing reagent, added to the extraction solution after a further 20 min. The colored solution had a maximum absorbance value of approximately 550 nm. In the same manner, the absorption solution of the active sampling technique was analyzed spectrophotometrically using AHMT and an oxidizing reagent. 9, 10 The electric current, measured by a colorimeter with a colored solution, was compared with the absorbance at 550 nm obtained using a spectrophotometer (U-1800, Hitachi). The linearity between the electric current and absorbance was good (r 2 = 0.9996), and the linear response to the absorbance appeared to be satisfactorily within the range of the electric current (∼50 μA) of the colorimeter. The electric current values of the sample were quantified from a linear-regression line fitted for standard solutions prepared from serial dilutions of a formalin solution. The concentrations of calibration standards ranged from 0 to 400 μg L -1 . The regression equation was Y (formaldehyde concentration, μg L -1 ) = 3.2X (electric current, μA) + 7.3 with n = 12 and r 2 = 0.987.
Evaluation of passive air samplers
The evaluation of the blank values for the formaldehyde passive air samplers was investigated employing a variety of absorption and different cleaning methods. All filters were cut into identical 2.4 cm diameter circles, extracted and then analyzed as described above. In addition, the procedures used for cleaning the absorption filters were investigated with pure water and oxidizing agents, like hydrogen peroxide. The absorption filters were cleaned by washing for 1 h in an ultrasonic cleaner (40 kHz, 1500 W), and then completely dried in a drying oven (60˚C).
A comparison of the absorption efficiencies of two absorbent reagents was carried out employing two viscous liquids, namely triethanolamine (viscosity = 590.5 mPa s -1 at 25˚C) 11 and phosphoric acid (viscosity = 3.86 mPa s -1 at 20˚C, 40% solution). 12 The absorption filters, which were coated by 100 μL of triethanolamine (10, 20 , and 40%) and phosphoric acid (5, 10, and 20%), were simultaneously exposed to formaldehyde gas (ca. 400 μg m -3 ) in the chamber.
Determination of passive sampling rate
Passive and active sampling methods were carried out simultaneously in the exposure chamber to estimate the sampling rate for the determination of the formaldehyde concentration. The exposure experiment using the passive air sampler in the chamber was performed with concentrations ranging from 15 to 480 μg m -3 . The temperature and relative humidity in the chamber throughout the exposure period were held constant at 25 ± 3˚C and 40 ± 10%, respectively. Four samplers were installed in the chamber, and exposed for periods of between 3 and 24 h.
The mass of formaldehyde collected on the exposed passive air sampler was corrected by subtracting the average mass measured for the blanks.
The reference formaldehyde concentration was determined from the mass of formaldehyde collected by the active sampler in relation to the volume of air drawn by the pump.
Passive air sampler tests
The temperature was controlled by a heating coil equipped in the chamber and a heating tape installed on a stainless-steel gas tube. The humidity was regulated by passing a portion of the pure nitrogen gas through pure water in several bubblers. The air velocity in the chamber was controlled by rotating the mixing fan, and was measured in the neighborhood of the inlet of the passive air sampler.
The experimental conditions were constantly monitored using temperature, relative humidity and air velocity probe-type multifunction sensors, which were selected so as to cover the temperature, relative humidity and air velocity ranges of 18 to 30˚C, 30 to 90% and 0 to 0.3 m s -1 , respectively. To test the effect of one factor, other factors were fixed (temperature, 25 ± 3˚C; relative humidity, 40 ± 10%; air velocity, 0.02 m s -1 ). The stability of the exposed and unexposed passive air samplers with respect to the storage period in sealed bags with an intense opaque black color at room temperature (25 ± 5˚C) was investigated. The precision of the measurement method using passive air sampler offers valuable information, and can best be obtained from multiple co-located measurements from samplers exposed to the same experimental conditions. Four replicate passive air samplers were investigated with the formaldehyde concentration ranging from 25 -300 μg m -3 over a 24-h period. All experiments were carried out at least in duplicate.
Results and Discussion
Evaluation of the collection filter and absorptions solution
The formaldehyde levels of the glass fiber and chromatography filter papers were 0.10 ± 0.01 and 0.17 ± 0.01 μg cm -2 (mean ± standard deviation), respectively. However, those of the qualitative filter papers (5A and 5C) were 2.41 ± 0.11 and 2.26 ± 0.15 μg cm -2 , respectively. The quantity of formaldehyde contained in the glass fiber and chromatography filter papers were lower than those in the qualitative filter papers.
Since glass fiber filter paper easily undergoes degradation during the extraction process, and due to the oxidizing reagent solutions, with a resultant increase in the turbidity of the analytical solution, chromatography filter papers were chosen and adopted throughout the course of this study owing to their reasonable cost.
After cleaning with 3% hydrogen peroxide, the quantity of formaldehyde obtained from chromatography filter paper was 498 ANALYTICAL SCIENCES APRIL 2007, VOL. 23 0.05 ± 0.01 μg cm -2 , with a formaldehyde elimination of about 70.6% compared with no cleaning (0.17 ± 0.03 μg cm -2 ). In the case of pure water, the quantity of obtained formaldehyde was 0.09 ± 0.01 μg cm -2 , with a formaldehyde removal of about 47%; 3% hydrogen peroxide was found to be an effective cleaning agent for reducing the blank values obtained from the absorption filters used in the passive air samplers. However, the possibility of oxidation due to the hydrogen peroxide remaining in the absorption filters might be capable of affecting the color developed in solution. In this study, after cleaning the absorbance filters with 3% hydrogen peroxide, repetitive ultrasonic cleaning with pure water was additionally performed to minimize the effect of hydrogen peroxide, thus reducing this possible source of contamination.
The absorption efficiency of 40% triethanolamine solution on the collection of formaldehyde was highest (6.6 ± 1.23 μg cm -2 ), followed by 20% triethanolamine (6.4 ± 0.73 μg cm -2 ), 10% triethanolamine (4.5 ± 0.29 μg cm -2 ), phosphoric acid (∼1 μg cm -2 ) and finally pure water (0.56 ± 0.07 μg cm -2 ). An increasing of the absorption efficiency at concentrations over 40% triethanolamine was little observed. The absorption efficiencies with triethanolamine solutions were found to be over four-times greater than those of the phosphoric acid solutions, and those of phosphoric acid solutions were independent of the concentration. The use of a viscous reagent as an absorption solution would seem to be most applicable for measuring formaldehyde in the atmosphere.
Determination of the passive sampling rate
The sampling rate of a passive air sampler can be experimentally determined by a direct comparison to the active sampling technique mentioned aboved. The sampling rate of the diffusive air sampler can be practically calculated using following equations:
where SR is the sampling rate (L h -1 ), Qpassive the mass of the formaldehyde transported into passive air sampler by diffusion (μg), t the exposure time (h), Qref the mass of the formaldehyde collected in the active sampler and V the volume of air introduced by the pump to the active sampler (L). Figure 2 shows the relationship between the mass of Figure 3 shows the effect of changes in the sampling rates on the performance of the passive air sampler under certain experimental conditions. The sampling rates determined for the passive air sampler within adopted temperature and relative humidity ranges were 1.56 ± 0.04 and 1.58 ± 0.07 L h -1 , respectively. A decrease in the sampling rate of 0.4% ˚C -1 was observed; the change of the sampling rate by relative humidity was less than 0.1%. This would be due to partial drying of the absorption solution on the surface of the collection filter. A decrease in the sampling rate due to the effect of temperature has previously been observed on the performance of the passive air sampler for benzene. 14 The determination coefficients found from a regression line between the sampling rate and temperature or the relative humidity were 0.472 and 0.216, with slopes of only -0.006 and 0.001, respectively. The slopes of the regression lines between the two variances were close to zero, indicating that the temperature and relative humidity had no significant effects on the sampling rates of the passive air sampler. The performance of the passive air sampler would be independent of the temperature and the relative humidity under above-mentioned experimental conditions.
Effects of the temperature, relative humidity and wind speed
The influence of the air velocity on the performance of the passive air sampler was also investigated, although dramatic variations in the air velocity in an indoor environment would not be often observed. Figure 3 also shows the effect of the air velocity on the sampling rate of the passive air sampler. A variation in the air velocity may cause a change in the diffusion path length at the front of the passive air sampler, because a static layer will be formed with a low air velocity in the vicinity of the inlet of the sampler, along with a reduction in the effective molecular diffusion length caused by a high air 499 ANALYTICAL SCIENCES APRIL 2007, VOL. 23 Fig. 2 Correlation between the time-corrected formaldehyde mass collected by the passive air sampler and formaldehyde concentration measured by the active sampler. Fig. 3 Influence of the temperature, relative humidity and air velocity on the formaldehyde sampling rate. The sampling rate at 22 ± 3˚C and 50 ± 10% humidity was 1.52 L min -1 (dash line).
velocity. 15, 16 The relationship between the sampling rate and the air velocity was a linear-regression within the observed range.
A linear-regression analysis was carried out on our data, with the line of fit shown in Fig. 3 , for sampling rate of 19.2 × (air velocity) + 1.6. The determination coefficient for the regression analysis was 0.967. The passive air sampler adopted in this study had a short diffusion length from the inlet of the sampler to the collection filter. The sampling rate was influenced by weak air velocities below 0.3 m s -1 , even when a semipermeable membrane was installed on the collection filter to inhibit turbulence due to wind, and stabilize the molecular diffusion into the passive air sampler. If air turbulence occurs in the vicinity of the sampler inlet, the sampling rate could be increased; in addition, the concentration of formaldehyde in the atmosphere would be overestimated. However, the passive air sampler for measuring formaldehyde in this study was developed and evaluated for indoor environmental measurements, where the effects of air velocity and turbulence existed only slightly.
Evaluation of the storage stability, precision and detection limits
The formaldehyde concentrations of exposed and unexposed passive air samplers were measured immediately after assembly, giving value of 2.5 and 0.3 μg, respectively. As shown in Fig. 4 , in the case of the exposed samplers, the stability of the formaldehyde collected was relatively decreased with increasing storage time: an approximate 25% decrease after 22 days (ratio = 0.75). In the case of unexposed samplers, under the same storage conditions the stability of the blank remained reasonably unchanged for 7 days, but decreased to 37% after 22 days (ratio = 0.63). Table 1 gives the precisions of the results obtained for multiple co-located passive air samplers for several formaldehyde concentrations. The relative standard deviation derived from the measurements was found to be less than 10% (mean, 5.8%; standard deviation, 2.4%; range, 2.3 -8.8%). The precision of the passive air sampler used in this appeared to be independent of the formaldehyde concentration.
Highly reproducible results were obtained, suggesting that the precision of the passive air samplers would be acceptable for measuring formaldehyde levels of indoor environments.
For exposure times of 1 day and 7 days, the mean blank concentrations calculated from the mass of formaldehyde on the unexposed passive air samplers (n = 7) were 8.7 and 1.3 μg m -3 . The DL (QL) values of the passive air sampler were 10.4 (13.9) and 1.48 (1.99) μg m -3 , respectively. For measuring formaldehyde at lower concentrations, the exposure time should be increased.
Passive air samplers using AHMT reagent are well suited to indoor and personal monitoring, because they have the advantage of adequate precision, sample stability and ease of operation. Passive air samplers would also be suitable for both long-term measurements in ambient air with low pollutant concentrations, and for short-term measurements involving personal monitoring in workplaces with high pollutant concentrations.
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ANALYTICAL SCIENCES APRIL 2007, VOL. 23 Fig. 4 Stability of exposed and unexposed passive air samplers as a function of the storage period. With a stability ratio of 1.0, the quantities of formaldehyde collected in the exposed and unexposed passive air samplers were 2.5 and 0.5 g, respectively. 
